Introduction
============

Multiple sclerosis (MS) has a complex pathophysiology that results from multiple and unclear interactions between genetic and environmental factors. Accumulating evidence over the years also supports the role of infectious agents, particularly viruses, in the etiopathogenesis of MS. Among these, Epstein--Barr virus (EBV) seems to be the strongest candidate as a risk factor ([@B72]). In fact, MS risk is higher among individuals with history of mononucleosis or who experienced an EBV infection in childhood ([@B7]). Subclinical EBV infection is present in over 95% of all individuals, including those with MS; however, the MS incidence and prevalence differ in each country. Therefore, coinfection with another pathogen, including bacteria, could explain the difference between high- and low-risk areas for MS.

There are several examples of virus--bacteria interactions ([@B4]), which mainly occur when the pathogens colonize the same site during infection, although sometimes viruses can act at different locations within the host ([@B92]). For instance, the human immunodeficiency virus targets a wide variety of immune cells, causing depletion of CD4+ T cells and up-regulation of CD14+ cells, which likely contributes to the susceptibility of co-infection with Mycobacterium tuberculosis ([@B73]). Moreover, during co-infection, the cell wall lipids of mycobacteria can modulate the host cell response, resulting in increased viral propagation and overall worsening of the disease ([@B73]).

Another kind of virus--bacteria interaction is immune system subversion, such as occurs with the interaction between EBV and periodontopathic bacteria. The latter could induce EBV reactivation via chromatin modification, and virally-infected B cells cause tissue inflammation, decreasing the ability to defend against bacteria, thereby facilitating the progression of periodontal diseases ([@B44]). A case-control study provided evidence for an association between chronic periodontitis and female patients with MS in Taiwan ([@B87]). The antigenic epitopes shared between Mycobacterium avium sp. paratuberculosis and EBV, which are cross-recognized by antibodies targeting self-epitopes in MS patients, provided additional evidence of a possible synergistic effect of viral--bacterial coinfection in inducing the pathology ([@B66]).

Considering that bacteria are found in many sites of the human body including the brain (which is usually microbe free) and that viruses may efficiently spread from the site of primary infection to other tissues, we speculate that synergistic interactions between multiple pathogens may play a role in the pathogenesis of neuroinflammatory diseases like MS.

There are several possible explanations regarding the role of bacteria or viruses in predisposing an individual to MS autoimmunity. According to the hygiene hypothesis, exposure to pathogenic organisms early in life can confer protective immunity, whereas infections in adulthood can trigger an autoimmune reaction in susceptible individuals ([@B41]). Another alternative theory suggests that MS could be caused by a pathogen that is more common in regions of high MS prevalence, where the pathogen is endemic and, in most individuals, causes an asymptomatic infection, but reactivation of the infection several years later can lead to central nervous system (CNS) disease such as MS ([@B57]).

In this review, we will describe the current understanding of bacterial pathogens associated with MS and the diversity of mechanisms used by such pathogens to colonize and influence the human CNS.

Microbe--Host Interactions in MS
================================

Bacteria express specific pathogen-associated molecular patterns (PAMPs), which are recognized by cells of the innate immune system equipped with pattern-recognition receptors (PRRs) ([@B3]), leading to activation of antigen-presenting cells (APCs), which in turn initiate and direct immune responses against the invading pathogens ([@B3]). Activated APCs that contain self-antigens obtained from dying cells or damaged tissue, might activate autoreactive T and B cells. PRRs are expressed either on the cell surface or intracellularly and include Toll-like receptors (TLRs), nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), C-type lectin receptors (CLRs), and retinoic acid-inducible gene-I (RIG-I)-like receptors that primarily sense viral RNA.

Toll-like receptors are transmembrane proteins that are located in both the cell membrane (TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10) and in endosomal vesicles (TLR3, TLR7, TLR8, and TLR9) of immune cells, such as macrophages and dendritic cells ([@B14]). TLRs detect different microbial components, and their activation initiates intracellular signaling cascades that trigger inflammatory mediators. TLRs are expressed in both resident CNS glia and infiltrating immune cells, and an increase in TLR2 expression has been observed in MS demyelinating brain lesions, where the TLR1/TLR2 and TLR6/TLR2 heterodimers recognize tri- or diacyl lipopeptides from bacteria, respectively ([@B89]). In experimental autoimmune encephalomyelitis (EAE), which is an animal model of MS, TLR signaling through the myeloid differentiation primary response protein 88 (MyD88)-dependent pathway plays a significant role in the development of the disease ([@B68]). Human MyD88 is the canonical adaptor protein for inflammatory signals used by all TLRs (except TLR 3) ([@B68]). Helminth antigens modulate immune responses in B cells and dendritic cells isolated from parasite-infected MS patients via TLR2, through distinct signaling pathways including the MyD88-dependent pathway ([@B23]). Cell-surface human TLR2 recognizes a broad range of bacterial PAMPs comprising heat shock proteins and peptidoglycans; hence, TLR2 is likely related to MS pathogenesis. TLR9 (an endosomal receptor that senses CpG DNA from bacteria and viruses) and MyD88 are essential modulators of the autoimmune process during the effector phase of EAE. Human TLR9 seems to play both protective and harmful roles at different stage of MS ([@B105]).

Nod-like receptors (NLRs) are intracellular proteins that bind peptidoglycans present in the bacterial cell wall ([@B46]). Nucleotide binding oligomerization domain (NOD)1 detects gram-negative bacteria such as *Chlamydia* or *Helicobacter pylori*, whereas NOD2 is involved in recognizing mycobacteria ([@B46]). NLR family members are positive and negative regulators of inflammatory responses, and mutations in the NLRP1 gene have been linked to inflammatory disorders including MS ([@B67]).

C-type lectin receptors (CLRs) are expressed on the surface of APCs and bind carbohydrates on pathogen surfaces. Mice deficient for dendritic cell immunoreceptor (DCIR), one CLR implicated in the suppression of T cell function, showed an exacerbation of EAE, suggesting that CLR regulation is important for the development of autoimmune diseases such as MS ([@B84]).

Pathogenic bacteria have evolved various mechanisms to colonize the host, which influence their impact on MS. Bacteria can adhere and multiply at the surfaces of epithelial cells due to the hydrophobicity of the cell wall or the presence of specific surface molecules ([@B77]).

Intracellular bacteria can enter and proliferate inside host cells, where they can neutralize the humoral and complement-mediated immunity ([@B99]). Mycobacteria, especially, have developed different strategies to maintain intracellular infection, blocking the acidification of the phagosome and its fusion to lysosomes ([@B99]). Bacteria may cross epithelial or endothelial host barriers and gain access to internal tissues, except for the CNS (Figure [1](#F1){ref-type="fig"}).

![Microbe--host interactions in MS. Bacteria gain access to the body by penetrating the mucous membranes of the respiratory and/or gastrointestinal tracts, or by direct inoculation. Microbial antigens can cross-activate peripheral T cells through different mechanisms, such as molecular mimicry, bystander activation, or epitope spreading. Naïve T cells recognize myelin and rearranged TCRs, and certain myelin-reactive CD4+ T cells can differentiate into Th1 and Th17 cells, then gain access to the CNS, where they are reactivated by APCs and have harmful effect on the CNS parenchyma. Furthermore, intestinal dysbiosis causes an imbalance between beneficial and pathogenic enteric bacteria, contributing to immune dysregulation in the periphery and subsequently influencing CNS immune tolerance. Bacteria may communicate with the brain through various routes, including: ![](fmicb-09-02966-i001.jpg) through circumventricular organs characterized into sensory and secretory organs, comprising the subfornical organ, vascular organ of the lamina terminalis, area postrema, median eminence, neurohypophysis, sub-commissural organ, choroid plexus, and pineal gland ([@B99]); ![](fmicb-09-02966-i002.jpg) through the BBB or the blood--cerebrospinal fluid barrier ([@B43]); ![](fmicb-09-02966-i003.jpg) through the GALT, which consists of Peyer's patches, intraepithelial lymphocytes, and lamina propria lymphocytes ([@B34]); ![](fmicb-09-02966-i004.jpg) through gut microbiota by a bi-directional communication system (gut--brain axis), including the autonomic nervous system, the enteric nervous system, the vagus nerve, and the hypothalamic pituitary adrenal axis ([@B101]); and ![](fmicb-09-02966-i005.jpg) through meningeal lymphatics capable of draining CNS macromolecules into the cervical lymph nodes. Inflammation is known to induce expansion of the local lymphatic vasculature in peripheral tissues and, hence, it is likely that bacterial exposure autoimmune cell activation will occur ([@B24]).](fmicb-09-02966-g001){#F1}

Microglia are resident macrophages of the CNS that represent the first line of defense in response to pathogens. Circumventricular organs are structures that permit substances such as hormones to leave the brain without disrupting the blood--brain barrier (BBB) and allow microglia to quickly sense signs of infection through TLRs, NLRs, and scavenger receptors ([@B43]). It has been demonstrated that some pathogens including *Mycobacterium tuberculosis*, *Streptococcus pneumoniae*, and others can penetrate the BBB or the blood--cerebrospinal fluid barrier and enter into the CNS, altering its permeability by releasing toxic cell wall components ([@B33]). This process promotes further production of inflammatory factors by activated microglia, which have either neurotoxic or neuroprotective functions, depending on the stage of the disease ([@B34]).

The intestinal epithelium constitutes a target for several pathogens. Gut-associated lymphoid tissue (GALT) functions in the immune system to protect the body from bacterial invasion in the gut. GALT includes Peyer's patches containing antigen-sampling microfold (M) cells, which are necessary for the initiation of antigen-specific immune responses and represent a route of entry to deeper tissues used by different pathogens ([@B101]).

Mounting evidence also indicates that the microbiota has an important impact in bidirectional interactions between the enteric nervous system and the CNS. Some bacteria like commensal *Clostridia* are strong inducers of T regulatory cells and maintaining gut homeostasis, whereas other bacteria contribute to Th17 cell expansion in patients with MS ([@B24]).

Interactions between pathogens and the innate immune system could take place in the meningeal lymphatics, a vascular system that enables the passage of macromolecules and brain-derived immune cells into the cervical lymph nodes ([@B62]). Lymph nodes are organs of the lymphatic system where APCs present bacterial antigens to lymphocytes. Since these vessels represent an important pathway for APCs from the brain to lymph nodes, theoretically self-reactive T cells can be primed against brain antigens and therefore result in an autoimmune attack.

Mechanisms of Autoimmune Disease Induction
==========================================

Host--pathogen interactions can have different consequences depending on several factors such as host genetic background, mucosal barrier dysfunction, bacterial virulence, and transmissibility. Bacterial infections can lead to significant activation of APCs, which can promote the expansion of pre-primed autoreactive T and B cells, initiating the autoimmune process. The inflammatory process may also occur in the absence of persistent infections by an immune response directed against post-infection antigens present in the target tissues. These antigenic components might cross-react with self-antigens, thereby altering the regulatory state of the host, despite the pathogen already being cleared by the natural immune responses. Several mechanisms based on bacterial antigens have been proposed to explain how pathogens might trigger autoreactive immune responses in MS.

The molecular mimicry theory states that foreign peptides with sequence similarity to self-peptides can activate pathogen-derived autoreactive T cells ([@B71]). This process is mediated by T cell receptors (TCRs) on the surface of T cells or natural killer T (NKT) cells, which recognize bacterial peptides fragments bound to major histocompatibility complex (MHC) molecules on the surface of APCs or lipids/glycolipids presented by CD1 molecules ([@B71]).

Invariant NKT (iNKT) cells are involved in the molecular recognition of microbial lipid-based antigens complexed with CD1d, such as the *Borrelia burgdorferi* glycolipid antigen BbGL-2 ([@B75]), which is structurally similar to galactocerebroside, the major component of myelin. iNKT cells play an important role in linking innate and adaptive immune responses, and various reports have demonstrated functional defects in iNKT cells in MS ([@B75]).

Another example of the cross-reactivity phenomenon is that T cell clones from MS patients recognize the immunodominant myelin basic protein (MBP)~89--101~ peptide bound to human leukocyte antigen (HLA)-DR2, which is associated with MS susceptibility ([@B59]). Different studies have shown that microbial peptides can induce MS-like disease in rodents through mechanisms of molecular mimicry in EAE ([@B71]).

Interestingly, in EAE, inoculation of the encephalitogenic antigen requires co-administration of an adjuvant to increase its immunogenicity and efficacy. Complete Freund's adjuvant (CFA) containing heat-killed *Mycobacterium tuberculosis* suspended in an oil base activates APCs through TLR2 due to mycobacterial components that induce a strong Th1 cell response, which results in augmented delayed-type hypersensitivity against autoantigens ([@B12]).

*Bordetella pertussis* toxin is a key substance necessary for the induction of EAE in mice after active immunization, as it can modulate the permeability of the BBB and thus facilitate pathogenic T cell migration into the CNS. Pertussis toxin specifically stimulates TLR4 and the inflammasome ([@B49]). Of note, this microbial toxin can contribute to the initiation of EAE by promoting antigen recognition by pathogenic T cells on activated microglia in the CNS, without a molecular mimicry mechanism ([@B49]). For example, injecting pertussis toxin in myelin-specific TCR transgenic mice was sufficient to induce EAE without CFA ([@B11]).

An additional process of enhanced autoantigen presentation during infection is epitope spreading, in which T cell responses against a single antigenic peptide can vary during an inflammation by priming T cells specific for other self-peptides ([@B42]). MS progression is influenced by intermolecular and intramolecular T and B cell epitope spreading. Different autoantigen epitopes may be important for each MS patient, depending of his or her MHC background, and pathogenic autoantibodies could be generated by cross-reactivity against the tertiary structure of microbial antigens. This process can cause tissue damage and the exposure to self-antigens or new epitopes, which are usually hidden, leading to a secondary autoimmune response with the production of antibodies against newly released antigens.

Another interactive mechanism by which bacteria can influence the host immune system is through the engagement of super antigens. Bacterial super antigens can initiate bystander activation, stimulating T cells specific for self-antigens without any requirement for antigen processing ([@B55]). Since T cell activation by a super antigen is dependent only on specific TCR V beta elements in association with MHC class II molecules, distinct super antigens can activate more T cells than immunodominant peptides. Mycobacteria, mycoplasma, and enteric microbiota-generated super antigens such as staphylococcal enterotoxin B (SEB), some of which are involved in EAE disease exacerbation ([@B55]). While the role of SEB in the etiology of MS is currently unknown, it has been implicated in the reactivation of EAE. An example is the injection of mice with SEB, which causes a clinical relapse in MBP-immunized mice that had already recovered from a previous episode of EAE ([@B13]). In contrast, the treatment of PL/J mice with SEB protected PL/J mice from the development of EAE ([@B90]).

Role of Bacteria in MS: Good Guys or Bad Guys?
==============================================

Since the list of pathogens associated with MS has grown significantly over the past 20 years, we have provided an updated list of the bacteria and their suspected role in the disease pathogenesis (Table [1](#T1){ref-type="table"}), focus on bridging innate and adaptive immunity.

###### 

Summary of the major bacteria linked to MS.

                      Bacteria                                                     Target TLR                                                Relationship with EAE                                                                                         Relationship with MS                                                                                                                       Suspected mechanism of action
  ------------------- ------------------------------------------------------------ --------------------------------------------------------- ------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Risk factor         *Mycobacterium avium* subsp. *paratuberculosis*              TLR2 ([@B6]; [@B30]) TLR9 ([@B5]; [@B30])                                                                                                                               DNA and antibodies in serum ([@B25], [@B27], [@B32], [@B31]), intrathecal IgG synthesis in CSF ([@B65])                                    Activation of autoreactive T cells in the periphery by and reactivation in brain ([@B29], [@B30])
                      *Chlamydia pneumoniae*                                       TLR2 ([@B88]) TLR3 ([@B88]) TLR4 ([@B88]) TLR9 ([@B88])   Exacerbation of disease severity ([@B36])                                                                     DNA and antibodies in CSF ([@B21]; [@B40]; [@B93]; [@B50])                                                                                 Infection of neuronal glial cells and alteration of BBB permeability ([@B64])
                      *Mycoplasma pneumoniae*                                      TLR1 ([@B97]) TLR2 ([@B97]) TLR6 ([@B39])                                                                                                                               Antibodies in serum, intrathecal IgG synthesis in CSF ([@B8]) Isolation from brain and urine samples of MS patients (Harbo et al., 2013)   Direct invasion in the brain may cause demyelination ([@B60])
                      *Clostridium perfringens* type B                             TLR2 ([@B1])                                                                                                                                                            Immunoreactivity to epsilon toxin in PBMCs and CSF ([@B35]) Bacterium isolated from feces of MS patients ([@B35])                          The neurotoxin affects endothelial cells, myelinated fibers, and oligodendrocytes of the CNS ([@B81])
                      *Helicobacter pylori*                                        TLR4 ([@B37])                                                                                                                                                           Histological presence of infection ([@B45]) Serum antibodies ([@B37])                                                                      Release of pro-inflammatory mediators and loss of self-tolerance ([@B54])
                      *Euryarchaeota, Firmicutes*, *Proteobacteria (Sutterella)*   TLR2 ([@B83]) TLR4 ([@B83]) TLR5 ([@B83]) TLR9 ([@B83])   Exacerbation of disease severity ([@B15]) Increased disease incidence in a spontaneous mouse model ([@B86])   More frequent in MS patient's microbiota than healthy controls ([@B20]; [@B86]; [@B96])                                                    Pro-inflammatory response and reduced IL10 production ([@B15]) Staphylococcal enterotoxin B ([@B13])
  Protective factor   *Mycobacterium bovis BCG*                                    TLR2 ([@B30]) TLR4 ([@B30])                               Suppression of disease ([@B85]; [@B58])                                                                       Reduced MRI activity and lower antibody titer in MS patients, compared to control subjects ([@B27], [@B31]; [@B78])                        Skin vaccination or direct inoculation in brain or gut of mice ([@B85]; [@B58]; [@B69]) Antigenic competition, diversion of autoreactive T cells to granulomas ([@B85])
                      *Helicobacter pylori*                                        TLR4 ([@B37])                                             Infection reduces disease severity ([@B22])                                                                   Lower antibody titer in MS patients compare to controls ([@B103]; [@B51]; [@B102])                                                         Suppression of Th1/Th17 cell responses ([@B82])
                      *Firmicutes (Clostridia), Actinobacteria, Bacteroides*       TLR2 ([@B83]) TLR4 ([@B83]) TLR5 ([@B83]) TLR9 ([@B83])   Reduced disease susceptibility following oral administration of *Bacteroides fragilis* PSA ([@B15])           Less frequent in the microbiota of MS patients than in healthy control subjects ([@B61])                                                   Anti-inflammatory response ([@B15]) Expansion of CD39(+) Tregs and increased IL10 expression ([@B15])

Mycobacteria
============

Various intracellular mycobacteria of the same genus have been associated with MS, but different species seem to play different roles in the disease pathology.

*Mycobacterium avium* subsp. *paratuberculosis* (MAP) is a non-tuberculous mycobacterium that causes paratuberculosis in ruminants and has been proposed as the causative agent of Crohn's disease in humans; however, growing evidence has implicated it as a candidate trigger of MS ([@B30]).

Human studies conducted in Italy and Japan have shown a higher antibody titer against specific proteins and peptides in the sera and cerebrospinal fluid (CSF) of patients with MS, compared to patients with other diseases and healthy control groups ([@B29], [@B30]). Bacterial peptides could also ignite a T cell response in peripheral blood mononuclear cells (PBMCs) isolated from relapsing--remitting MS subjects ([@B26]). In addition, intrathecally synthesized IgGs reactive to these MAP-derived peptides were detectable in MS patients ([@B65]). Bacterial DNA was isolated from MS patients by nested PCR ([@B25]), but the bacteria were never isolated and cultured from the MS subjects. MAP colonizes the gastrointestinal tract, and MAP exposure from cattle to humans primarily occurs via the fecal--oral route through contaminated milk and dairy products ([@B30]). During an infection or antigen exposure, autoreactive T cells activated in the periphery by molecular mimicry might penetrate the BBB and be reactivated in the CNS by local APCs ([@B29]).

*Mycobacterium avium* subsp. *paratuberculosis* invasion appears to occur mainly through M cells of the Peyer's patches, after which it invades intra-epithelial macrophages where it can expand. TLR2 and NOD2 have been implicated in the recognition of mycobacteria through the binding of mannosylated lipoarabinomannans and peptidoglycans, respectively ([@B6]). Moreover, MAP can inhibit TLR9 and MyD88 signaling, and alter the expression of IFNγ receptors to overcome both innate and acquired immune responses in cattle ([@B5]). The roles of different TLRs and MyD88-mediated immune responses in MS and the effect of MAP antigens on EAE are still under investigation. It has been hypothesized that chronic infection with MAP in the human gastrointestinal tract in some individuals can cause the spreading of proinflammatory mediators, which, in turn are responsible for initiating inflammation in the brain and driving polarization of the immune response toward a Th1/Th17 phenotype ([@B29]).

*Bacillus Calmette--Guérin* (BCG) is a live attenuated strain of *Mycobacterium bovis*, the etiological agent of tuberculosis in animals and occasionally in humans ([@B30]). The main use of BCG is for vaccination against tuberculosis, and many groups have investigated the role of the bacteria in preventing or reversing autoimmune diseases such as MS.

Generally, the magnitudes of humoral responses elicited by BCG antigens in MS patients were lower than those elicited in neuromyelitis optica spectrum disorders (NMOSDs) and in healthy subjects ([@B27], [@B31]). Intracerebral infections with BCG were capable of suppressing immune responses and reducing the severity of EAE in mice ([@B58]). Additionally, active infection by intraperitoneal injections with live BCG in EAE-induced mice reduced the MOG~35-55~-specific cells numbers in the CNS through diverting the traffic of autoreactive T cells to local BCG inflammatory sites ([@B85]). Clinical trials showed a beneficial effect of BCG vaccination in patients with relapsing-remitting MS, with reduced magnetic resonance imaging (MRI) activity ([@B78]). These observations imply a protective role of the BCG vaccine against MS progression, but its precise mechanisms remain unclear.

The innate immune response to the BCG vaccine initiates at the site of inoculation, where APCs of the skin phagocytose and degrade the bacillus by intracellular killing mechanisms. Peptides are presented to cells of the adaptive immune system by MHC class I and class II proteins.

The BCG vaccine strongly induces Th1 and Th17 effector cells, and regulatory T cells following vaccination ([@B69]). Further, the vaccine induces a persistent immunological memory for mycobacterial antigens for several years ([@B9]). Therefore, it is possible that BCG vaccination modulates the initiation and/or progression of MS, essentially a CD4+ T cell-mediated disease with Th1, Th17, and Th9 phenotypes. Concerning the Th9 subset, although the pathogenic or non-pathogenic function of IL-9 in CNS inflammation remains to be clarified, evidence suggests that Th9 cells play an important role in MS ([@B38]). Findings from a recent study revealed that TLR2 co-stimulation with the *Mycobacterium tuberculosis* Ag85B antigen significantly increased IL-9 secretion from both mouse and human CD4+ T cells ([@B52]).

The contrasting roles of BCG and MAP in the etiopathogenesis of MS may be due to the different routes of antigen transmission/administration (intradermal for BCG and oral for MAP) and the antigen-specific immune responses to mycobacterial components. For instance, the *Mycobacterium tuberculosis* Ag85B peptide shows 100% identity to BCG, but does not share significant sequence similarity with MAP. The MAP lipopentapeptide, a cell wall component capable of inducing specific humoral and cell-mediated immune responses in cattle, is unique to MAP and is absent from the cell wall of other mycobacterial species ([@B31]).

Human and animal research have demonstrated that γδ T cells play an important role in anti-mycobacterial immunity, including in the mechanisms of BCG immunization or in MAP-infected calves ([@B18]). Like iNKT cells, γδ T cells did not require MHC recognition and they recognized mycobacterial lipid antigens presented by CD1 molecules ([@B18]). These cells are the major source of IL9 in humans ([@B74]). Although the relationship between Th9 cells and mycobacteria remains unknown, γδ T cells may have a distinct role in generating a primary immune response to certain pathogens.

Chlamydia
=========

*Chlamydia pneumoniae*, a common cause of human respiratory diseases, is an obligate intracellular microorganism that inhibits host cell apoptosis to escape from CD4+ and CD8+ immune recognition ([@B56]). During infection, TLR2 and TLR4 signaling are important for the initial host defense against bacterial lipopolysaccharide (LPS) and heat shock proteins, whereas TLR3 and TLR9 are mainly responsible for recognizing microbial nucleic acids in mice ([@B88]). Nod1 and Nod2 respond to intracellular fragments of bacterial peptidoglycans and play a role in sequential intracellular events by prolonging the activation of target cells by intracellular bacteria in humans ([@B47]).

*Chlamydia pneumoniae* is capable of infecting neuronal glia and neuronal ependymal cells within the CNS in mice ([@B36]) and has been reported to cross the BBB, altering its permeability ([@B64]). The bacterium can induce a persistent infection in the brain and consequently has been related to several chronic inflammatory diseases, such as MS and Alzheimer's disease ([@B53]). The association with *Chlamydia pneumoniae* and MS was intensively investigated with controversial results and remains a matter of debate.

Molecular and seroprevalence studies revealed a higher presence of intrathecal antibodies of *Chlamydia pneumoniae* in the CSF of subgroups of MS patients compared to healthy controls ([@B40]; [@B50]); however, these antibodies were also found in other inflammatory neurological conditions such as NMOSDs ([@B103]), another type of inflammatory disease of the CNS that shares features with MS.

Culturing these neurotropic bacteria from CSF and MS brain lesions, as well as molecular detection by PCR are difficult due to the absence of a standardized detection protocol. A study showed that qualitative colorimetric microtiter plate-based PCR--enzyme immunoassay (PCR--EIA) and nested PCR are the most sensitive detection methods for bacterial DNA in the CSF of MS patients, although no evidence of recent *Chlamydia pneumoniae* infection in the brain was found ([@B93]). However, infection by the live bacterium can worsen EAE in mice ([@B36]).

In multiple clinical trials conducted to assess the effect of treatment with rifampin and azithromycin against *Chlamydia*, MS patients did not show any beneficial outcome in gadolinium-enhancing lesions, relapse rates, and disease severity ([@B91]). However, compared with patients treated with an antibiotic, placebo controls showed a significant decrease in brain parenchymal volume, a marker of global brain atrophy ([@B91]). These data suggest that *Chlamydia pneumoniae* or Chlamydia-like organisms might not be causative agents of MS ([@B21]), but could act as a co-factor in the development of the disease.

Helicobacter
============

*Helicobacter pylori* colonizes the surface of gastric epithelial cells and is generally considered a non-invasive bacterium, but *in vitro* observations have demonstrated that it can enter host epithelial and immune cells ([@B98]). The bacterium infects over 50% of the population worldwide and a relationship with MS has been reported ([@B51]); however, its potential role in the disease is unclear and controversial.

In agreement with the hygiene hypothesis, which assumes that infections during childhood are essential for preventing autoimmune conditions later in life, immunity to *Helicobacter pylori* seems to protect against the development of MS. Indeed, meta-analyses have shown that the bacterial presence and MS are negatively correlated in western countries ([@B51]; [@B102]). Concerning Asian countries, antibodies against *Helicobacter pylori* antigens were more prevalent in aquaporin 4 antibody-positive NMOSD patients, but negative in MS patients ([@B103]). Furthermore, *Helicobacter pylori* infection seems to exert some protective role against EAE, inhibiting both Th1 and Th17 responses and reducing the severity of the disease ([@B22]).

*Helicobacter pylori* can evade pathogen recognition by the innate immune system by manipulating PRRs (such as TLR4, which recognizes LPS), thereby using the immune system to induce an anti-inflammatory response ([@B37]). In addition, *Helicobacter* antigens can also inhibit activation of the adaptive immune system by suppressing Th1/Th17 cell responses by FoxP3(+) regulatory T cells ([@B82]). These findings support a protective role of this gram-positive bacterium in autoimmune diseases such as MS.

While these data do not suggest any link between the bacteria and MS susceptibility, a previous report showed a high frequency of acute *Helicobacter pylori* infection in 44 relapsing--remitting MS patients in stable phase ([@B45]). Instead, we showed a lack of humoral responses against the *Helicobacter pylori* HP986 protein, previously associated with peptic ulcer and gastric carcinoma, in a cohort of 119 MS patients from Sardinia (80.5% relapsing--remitting in acute phase) ([@B28]).

In a recent seroprevalence study performed in Greece, antibodies against to the vacuolating cytotoxin A antigen of *Helicobacter pylori*, a virulence factor involved in gastric injury, were detected more frequently in secondary progressive MS patients compare to healthy controls, suggesting that antigen recognition by serum antibodies differed not only between patients and controls, but also amongst patients with relapsing--remitting and secondary progressive MS ([@B37]).

Persistent bacterial infection may cause a loss of self-tolerance due to the constant release of bacterial antigens able to stimulate the release of pro-inflammatory cytokines from immune cells. *Helicobacter pylori* can exert these effects not only locally, but also directly via the CNS with modulation of the brain--gut axis ([@B54]).

Mycoplasma
==========

Another possible co-factor in MS can be *Mycoplasma pneumoniae*, a small prokaryotic organism that adheres to host cells by specialized attachments and adhesin proteins, but which also possesses cellular invasive capacity ([@B97]).

The mycoplasma lipoproteins play a key role in infection and modulate immunity via TLR1 and TLR2 ([@B97]). Co-expression of TLR2 and TLR6 mediates cellular response to lipopeptides from *Mycoplasma pneumoniae*, it has been identified in cerebral endothelial cells and microglia of MS patients by RT-PCR ([@B14]). A TLR6 polymorphism was also associated with the development of interferon-beta specific neutralizing antibodies in male MS patients ([@B39]).

In a study conducted on 130 relapsing--remitting MS Iranian patients, mycoplasma IgG and IgM antibodies were more prevalent in woman patients than in control subjects, but seropositivity was not significantly different during the various phases of disease activity compared to controls ([@B8]). MS is more prevalent in women, suggesting differences in the immune system between women and men, which might be caused by different factors like sex hormones or by a different genetic predisposition to infection ([@B48]). For this reason, gender differences might influence the susceptibility to chronic infections caused by *Mycoplasma pneumoniae*, which might play a role in the development of MS, at least among women.

Tetracycline-resistant mutated *mycoplasma* was detected by nested-PCR in four urine samples collected from patients with MS ([@B70]). Conversely, two different studies failed to find evidence for the presence of bacteria in the CSF and serum from patients diagnosed with MS by targeting the *Mycoplasma* 16S rDNA gene ([@B17]; [@B60]). A case report showed that the bacterium is capable of invading the CNS ([@B1]); therefore, we cannot exclude the possibility that mycoplasma infection can contribute to disease-inducing mechanisms, resulting in CNS autoimmunity. Despite these conflicting findings, many important issues remain unanswered regarding the influence of *Mycoplasma pneumonia* on MS.

Clostridia
==========

*Clostridium perfringens* is an anaerobic gut bacterium that causes necrotic enteritis in poultry and occasionally can cause foodborne illness outbreaks in humans ([@B63]). TLR2 is involved in the host response to *Clostridium perfringens* infection in chickens ([@B63]). *Clostridium perfringens* is classified into five strain types based on the toxins produced, and type B releases epsilon toxin, which causes adverse effects in the CNS ([@B80]).

Epsilon toxin is absorbed in the intestines in mice and can permeabilize the BBB ([@B80]). Animal studies revealed the toxin can bind to retinal vessels that form the blood--retinal barrier, and it also has acute effects on neuronal conductivity in mouse optic nerves ([@B16]). Visual impairment is one of the most common initial clinical manifestations of MS ([@B81]). Epsilon toxin can specifically bind to CNS endothelial cells, myelinated fibers, and oligodendrocytes in mammals ([@B35]).

*Clostridium perfringens* type B was isolated for the first time from a fecal sample of a patient with initial clinical symptoms of MS and with active enhancing lesions found on a brain MRI ([@B79]). In addition, increased immunoreactivity to epsilon toxin in sera and CSF from patients with MS was observed (compared to healthy controls), suggesting a prior exposure to the toxin in the MS population ([@B79]). Taken together, these data support the hypothetical contribution of the *Clostridium perfringens* type B epsilon toxin in triggering newly formed MS lesions.

Interestingly, in the same work, the presence of *Clostridium perfringens* type A, a pathogenic bacterium that causes food poisoning and gas gangrene, was lower in the gut of MS patients compared to healthy controls, but in overabundance in NMOSD ([@B79]). This commensal bacterium could also contribute to NMOSD pathogenesis. Indeed, T cells recognizing the immunodominant T cell epitope of aquaporin-4, the autoantigen associated with NMOSD, exhibited cross-reactivity to a homologous peptide belonging to a *Clostridium perfringens* protein ([@B104]). This finding does not necessarily imply a protective role of *Clostridia* in MS; however, pathogenic bacteria could also be beneficial under certain conditions resulting from a complex interplay between gut microbiota, host genetics, and diet.

Borrelia
========

*Borrelia burgdorferi* is the etiological agent of Lyme disease, a syndrome resembling MS. The bacterium can induce TLR2-dependent macrophage activation and can drive Th1-type T-cell immunity ([@B100]). During an infection, *Borrelia burgdorferi* employs different mechanisms to manipulate the innate and adaptive immune systems, in order to survive inside mammalian host cells ([@B94]). A study conducted in Poland on 769 neurological patients showed that 38.5% of MS subjects were positive for *Borrelia burgdorferi* antibodies, indicating that MS may often be associated with *Borrelia* infection ([@B19]). In contrast, data from a study showed the presence of antibodies in 14.2% of 106 MS patients versus 25.3% of 103 healthy controls ([@B83]), while in another study performed in an endemic area for Lyme disease, only 1 out of 89 MS patients was antibody-positive ([@B32]). In conclusion, because Lyme disease mimics several neurologic symptoms of MS, it is an important disease to test for during differential diagnosis of MS. Moreover, the presence of antibodies against *Borrelia burgdorferi* in MS patients does not enable distinction between past/current infections, or prove that the bacterium is the cause of the disease.

Gut Microbiota
==============

The major role of the human gut microbiota is to regulate innate and adaptive immune homeostasis, and the dynamic crosstalk between the host and its microbiota is mediated by the recognition of conserved microbe-associated molecular patterns ([@B76]).

The microbiome interacts with the CNS though bidirectional signaling from the gut microbiota to the brain, and vice versa ([@B15]). Microbiota can interact with the gut--brain axis though different mechanisms, including modulation of the intestinal barrier, or at level of the BBB by translocating or releasing factors into the bloodstream ([@B61]).

Gut microbial dysbiosis has been associated with MS; however, exactly how the host immune system is influenced by alteration of the microbiota is not clear. The mesenteric lymphatic vessels play a role in immune cells and metabolism trafficking, such as the induction of regulatory cells, which are directly responsible for suppressing autoreactive T cells that infiltrate into the CNS ([@B20]). Abnormalities in the microbiome may influence the balance between cells driving disease such as Th1/Th17, Th2, Th9, and regulatory cells, and can be critical in the development of inflammatory and immune processes.

According to most microbiome studies in patients with MS, there is a lower abundance or depletion of bacteria capable of inducing immuno-regulatory cells to limit inflammation, such as *Clostridia*, *Bacteroides*, or *Actinobacteria* ([@B96]). Conversely, compared to healthy subjects, patients with MS seemed to have a higher abundance of bacteria with the ability to trigger pro-inflammatory host responses, such as *Firmicutes*, *Euryarcheaeota* ([@B86]) and *Proteobacteria* ([@B86]). In a pilot study conducted on 17 patients with relapsing--remitting pediatric MS, a shorter time to relapse was associated with a depletion of *Fusobacteria* and an expansion of *Firmicutes* ([@B95]).

A recent study of identical twins discordant for MS showed that transfer of the gut microbiota from an MS-affected twin into transgenic mice expressing a myelin autoantigen-specific TCR induced a higher incidence of autoimmunity, compared to the transfer of healthy twin microbiota ([@B10]). The most significant difference was a relative abundance of the *Sutterella* genus in fecal samples of mice that received the microbiota from healthy donor, compared to mice colonized by MS twins.

The microbiome of patients with MS differs from that of healthy subjects, but it remains unknown whether the altered microbiota is a cause or consequence of the development of MS. Therefore, prospective cohort studies on the effects of host microbiota on MS patients are needed.

Conclusion
==========

In 1890, Robert Koch formulated postulates for determining that a particular bacterium is the cause of a specific disease. According to these criteria, the causative organism must be found and isolated in every case of the disease and absent in the healthy subjects. Despite the importance of these postulates in the development of microbiology, there are many limitations associated with them, and with the advent of new molecular and genetic techniques in the fields of microbiology and medicine, these criteria of causation have been revised several times. Nevertheless, these criteria for infectious disease causality are still considered of contemporary relevance and might still have some use.

To date, none of the bacteria related to MS have fulfilled Koch's postulates, and a causative relationship between a specific bacterium or vaccination with a live attenuated organism and MS has yet to be established. Current data suggest that multiple infections along with non-infectious environmental factors might trigger the development of MS in a certain genetic background. It is possible that a single bacterium need not be responsible for MS, but different pathogens may initiate events that trigger a common immune-pathologic pathway. In addition, an infectious pathogen may not be causative, but it may still influence the development and progression of MS, having a protective role or exacerbating disease manifestation during immunological maturation.

Interestingly, the existence of an abnormal immunological mechanism has been shown to operate in the pre-disease stage of MS, which in turn favors the phenomenon of epitope spreading ([@B2]). Considering that the time interval between a bacterial infection and MS initiation may not be immediate and that a long period between the two events may be needed, bacteria could be one of several environmental factors responsible for the activation of this apoptotic process in a time-dependent mechanism.

Another issue is that most pathogens related to MS, with few exceptions, seem to be highly prevalent in the general population; however, the increase of MS incidence is not ubiquitous and depends on various environmental and/or genetic factors such as latitude, ethnicity, and development of the country.

Future research should concentrate on combining data obtained from animal models and epidemiological studies, in order to better explain specific aspects of host--pathogen interactions and, consequently, define the role of bacteria in the etiology and pathogenesis of MS.
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